In this numerical study, the influence of the choice of metal (and hence of the conductivity) used for the fabrication of THz fishnet metamaterials is investigated. We explore an exemplary structure for which surface-plasmon-polaritons offer -assuming sufficiently good conductivity -pronounced extraordinary transmission and strong multiple magnetic resonances with negative permeability. We analyze the dependence of these signatures on the type of metallization. Studying five different metals, we find that the metallization is important for achieving the multiple resonances. A reduction of the conductivity can lead to a dramatic weakening and even a near-disappearance of magnetic resonances if they lose their diamagnetic character.
INTRODUCTION
Fishnet metamaterials (MTMs), which consist basically of two holey metal films separated by a dielectric slab, have attracted considerable attention recently because they combine structural simplicity with great versatility. Another advantage is that they typically exhibit lower losses (and a better figure of merit) than the traditional combination of split-ring resonators with wire strips, and one can identify a current trend to favor this kind of double-layer structure because it promises to achieve more efficient structures in terms of metamaterial properties, namely negative-refractive index, single-negative (SNG), and left-handed (LH) behavior over a certain frequency range [1] - [9] . Fishnet MTMs have been designed for microwave and optical frequency bands, mostly aiming at a single-band negative refractive index [1] - [6] , [8] and less often for a multi-band negative index [7, 9] . In some cases, the structure does not provide negative permeability and the negative refractive index is achieved because of the existence of high losses [4, 7, 10, 11] .
The exploitation of surface-plasmon-polaritons (SPPs) [12] has recently opened a novel approach for multi-band negative-index behavior [7, 9] . If the separation between the metallic layers of a fishnet structure is small enough, then SPPs are excited which yield several peaks in the transmission spectrum in addition to the main peak. These peaks create additional resonance modes and negative permeability can be achieved. However, it is known that the choice of metal is important for having higher-order resonance modes, but -according to the best of our knowledge -this aspect has not been studied well for THz fishnet MTMs. In this work, the effect of the metallization on the multi-resonance modes is discussed with regard to SNG/LH behavior at THz frequencies using numerical results.
Design and Analysis
In this section, the multi-band fishnet MTM will be introduced and then the metallization effect will be presented. The unit cell of the proposed multi-band fishnet MTM is shown in Figure 1 . The dimensions of the structure have carefully been selected in order to enhance the higher-order modes. The structure can be considered as a combination of parallel metal plates along the magnetic-field direction, which provide the negative permeability, and pairs of continuous wires with modulated width along the electric-field direction which provide negative permittivity [9] . The metallization is initially assumed to be made of an ideal conductor (perfect electric conductor, PEC, whose conductivity σ was taken for practical reasons to be 1 × 10 30 S/m in the simulations) and allows to achieve abrupt changes in the transmission owing to SPPs. Quartz glass with a thickness of 5 µm has been chosen as dielectric medium because of its moderate dielectric constant ( r = 3.75) and low losses in the lower THz range (loss factor: less than 4 × 10 −4 , dissipation factor: less than 1 × 10 −4 , absorption coefficient: 10 × 10 −6 cm −1 ). The structure has been designed to have an identical configuration in the two lateral directions. Hence, the sample will operate equally for all polarizations, and the effective refractive index, as well as the effective permittivity and permeability, will be functionally independent of the polarization of the incident wave [9] . The simulations have been performed with a full-wave EM solver based on the finite integration [15, 16] technique employing periodic boundary conditions along the lateral directions. Waveguide ports have been assumed for the excitations and detection of the THz wave. We have extracted the effective permeability by means of the standard retrieval methods [13, 14] . The Drude model approximation has been used to describe the effective dielectric properties of the different metals. The dielectric function can be written as
where f p is the plasma frequency and γ the damping rate of the materials electrons [15, 16] . The values used for the plasma frequency and damping rate are given in Table 1 .
Numerical results for the optimized fishnet MTM are shown in Figure 2 . The thickness of the metallization is kept the same for all cases (both the PEC and the other metals) presented throughout this study. The transmission curve exhibits three pronounced and sharp changes because of the SPPs response, namely at around 1.0 THz, 1.4 THz and 2.4 THz, and a smaller sharp changes above 2.0 THz ( see Figure 2 (a)). A broad peak reaching unity value at around 1.65 THz dominates the transmission curve. It arises from the coupling of the incident wave to SPPs which leads to enhanced transmission (extra-ordinary transmission -EOT). However, the structure does not provide a magnetic resonance where the transmission has unity value, as can be observed from the frequency response of the permeability (Figure 2(b) ). In this case, EOT occurs at the electric plasma frequency which sits at 1.65 THz and results from the field resonance of the wire array (effective plasma resonance). In proven by the anti-symmetric response of the electric current distributions on the metallic parts of the structure (data not shown) [8, 9] . The magnetic resonance located at 2.4 THz is characterized by a less pronounced permeability change than that of the first two magnetic resonances (1.0 THz and 1.4 THz), but we still have a negative permeability at this frequency band. Furthermore, the first two resonances have LH character since the effective permittivity has two small anti-resonances at the locations of the first and second magnetic resonances which yields two spectral regions with negative refractive index [8, 9] . The other ones do not have LH character since the Drude-like permittivity is negative only below the plasma frequency at 1.65 THz, and hence the negative region only covers the first two magnetic resonances but not the others.
As a result, single-layer fishnet MTM slabs with suitable geometrical design parameters allow to obtain higher-order modes with strong resonances and with either LH or SNG character. Note that the higher-order modes (mostly dualband) reported in the literature were mostly achieved using multi-layer MTM designs. Here, we achieve the higher-order resonances with only one slab and they number more than two in our case. We now address the choice of metal for the fabrication of the MTM. This choice carries major importance because it determines how well one can couple to the SPP modes and whether the excitation is strong enough to achieve the negative permeability needed for negative refraction. Figure 3 presents the frequency response of the transmission magnitude calculated for five metals. The scale of the transmission for each metal is the same as in Figure 2 . The magnitude and shape of the resonances are affected by the change of the metallization, while the influence on their spectral positions remains so weak that we cannot discern shifts in the spectral positions of the resonances. We have verified that the current distributions on the metallic structures exhibit an anti-symmetric response at the resonance frequencies, thus corroborating the magnetic character of the resonances. EOT does not reach 100 % any more as for the ideal conductor, but we still have pronounced transmission for each metallization. The best EOT performance is observed for Ag and the worst for Pb. In comparison with the ideal conductor, the effective impedances do not matched perfectly with that of the vacuum any more, which is related with a reduced lifetime of the SPPs resulting from the non-vanishing damping rates.
With regard to the strength of the magnetic resonances, we can group the five data sets into two subsets, those of the good conductors Ag (σ = 6.1×10 7 S/m), Cu (σ = 5.8×10 7 S/m), Au (σ = 4.1×10 7 S/m) and Al (σ = 3.8×10 7 S/m) on one hand, and that of Pb (σ = 5×10 6 S/m) as not quite such a good conductor on the other. For the first subset, we find that the three magnetic resonances (at around 1.0 THz, 1.4 THz, and 2.4 THz) are clearly less pronounced than in the EOT case, but all three of them are well discernible. The weakening of the features roughly scales with the reduction of the conductivity. For Pb, however, a more drastic change is found. The transmission curve exhibits the three resonances only weakly as step-like features; in fact, the third resonance has nearly vanished. In the permeability spectrum, the weakening of the third resonance is even more radical. While the first two resonances remain clearly visible, the third one, at 2.4 THz, has disappeared from the linear plot of the spectrum (it is still identifiable on a logarithmic representation of the data).
This extra-ordinarily strong weakening of the third resonance appears to be associated with the loss of the negative permeability. Among the three magnetic resonances discussed here for all metals, the third is the one which exhibits the weakest diamagnetic behavior. With decreasing conductivity, the third resonance loses its diamagnetic character earlier than the other resonances at some threshold value of the conductivity, and becomes paramagnetic. Ag, Cu, Au, and Al have conductivities above this threshold, while the conductivity of Pb is below. With the change of the character of the magnetic response, apparently the coupling strength of the electromagnetic wave to the resonance strongly decreases. The practical consequence is that the third resonance cannot be used for the design of MTM functionalities any more. Note that the magnetic resonances located above 2.0 THz and below 2.4 THz are completely vanishes in the case of the real metals with respect to PEC case.
Conclusion
We have presented a metallic fishnet metamaterial design which exhibits interesting properties in the THz spectral region such as (i) perfect-impedance matching to vacuum at a certain frequency which results in an extra-ordinarily strong transmission, (ii) strong multiband resonant character, and (iii) negative permeability and permittivity such that it is possible to have a negative refractive index in several spectral bands. We have investigated the effect of the metals conductivity on the transmission characteristics. It is observed that the type of metal used affects the transmission characteristics beyond the expected behavior which is that a reduction of the conductivity entails a corresponding weakening and smearing out of electromagnetic resonances. For a higherorder magnetic resonance, we find a more drastic and abrupt change which results in a near-suppression of the resonance if the conductivity of the metal falls below a certain threshold value. It appears that this abrupt weakening of the resonance is associated with the change of its magnetic response 12005-3
